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In estuaries, phosphorus (P) and nitrogen (N) inputs 
generallycontrolfreshwaterandsaltwaterprimaryproduction, 
respectively. Improved wastewater P removal and a 
P-detergent ban in the late 1980s decreased P loading to 
the nutrient over -enriched Neuse River Estuary, NC, 
without a contemporaneous reduction in N loading. This 
led to a decrease in upstream freshwater phytoplankton 
production and a reduction in nuisance algal blooms. 
While this nutrient management approach appeared to be 
effective in reducing the symptoms of freshwater 
eutrophication, it may have also diminished the upstream 
algal N filter, promoting N enrichment, relative to P 
enrichment,andeutrophicationofthernoresalinedownstream 
N-limited waters. Recent N controls implemented by the 
State of North Carolina should help address the problem. 
These findings underscore the need for watershed- and 
basin-scale, dual nutrient (N and P) reduction strategies that 
consider the entire freshwater - marine continuum as 
wellashydrologicvariability(e.g.,hurricanes,floods,droughts) 
when formulating long-term controls of estuarine 
eutrophication. 

lnlr<xldial 
Phosphorus (P) is the nutrient most often controlling or 
limiting freshwater primary production (1, 2). Accordingly, 
freshwater nutrient management strategies have largely 
focusedonP-i n put red uctionstocontrol nutrient-enhanced 
primary production or eutrophication (3, 4). Indeed, such 
reductions have been highly successful at stemming and 
reversing freshwater eutrophication (5). However, as fresh
water systems drain into estuarine and coastal ecosystems, 
nitrogen (N) is most often the dominant limiting nutrient 
(6- 8).Nitrogen overen richmenthasbeenconsideredapri me 
threat to the biological integrity, natural resource value, and 
ecological condition of estuarine and coastal waters world
wide (9, 10). 

While anthropogenic P inputs have been reduced in 
freshwater segments of many coastal watersheds, N inputs 

* Corresponding author phone: (252) 726-6841; fax: (252) 726-
2426; e-mail: hpaerl@email.unc.edu. 

3068 'ENVIRONMENTAL SCIENCE & TECHNOLOGY/ VOL. 38, NO. 11, 2004 

have largely remained unchanged and in some cases have 
increased (7-11). As a result, coastal waters are becoming 
more N enriched relative to P (10- 13). One potential 
consequence of this inequity in nutrient loading is that 
P-controlled primary production at the freshwater head of 
the estuaries may be reducing the capacity of this region to 
assimilate or filter other limiting nutrients, most notably N. 
This would potentially allow more efficient N transport 
d ownstreamto N-sensitivecoastal waters,ad di ngto the I ocal 
anthropogenic N loads already impacting these ecosystems 
( 14).Such displace men toftheeutrop h icati on grad ien tco u Id 
hel pexplai n the reported i ncreasesi n estuari neharmfu I algal 
bloom activity (9, 15), hypoxia (16, 17), and declines in 
fisheries habitats (12). 

We examined the potential for this scenario in the Neuse 
River Estuary (NRE), NC (Figure 1), which over the past 40 
years has experienced large increases in N and P input 
associated with urban, industrial, and agricultural develop
ment in its watershed (18). Excessive nutrient loading was 
implicated as an cause for the increase in nuisance blue
green algal (cyanobacterial) blooms, which plagued water 
quality in the upstream freshwater segment of the NRE 
throughout the late 1970s and 1980s (18, 19). Because the 
riverine freshwater portion of this system was largely 
P-limited, emphasis was placed on targeting this nutrient 
for reduction, which was initiated in the mid- to late 1980s 
The state of North Carolina has recently begun to address 
N enrichment of the estuarine portion of the system (TMDL 
Phase 1, 1999). 

Owing to long-term water quality monitoring activities 
bytheStateof North Caroli naand University researchgrou ps, 
as well as parallel experimental determinations of nutrient 
cycling and limitation dynamics (18, 19), we were able to 
constructthen utrientload i ngrecordandexam i nen utrient -
production interactions leading up to and following these 
bloom events. Here, we present a historical analysis and 
interpretation of the impacts of selective P reductions on 
nutrient (N and P) loading and phytoplankton production 
dynamics along the freshwater- marine continuum repre
senting the NRE. 

The approximately 30 year period (1970-2003) included 
i nth isanal ysiswasalsowitnesstoconsi derab lecl i matican d 
hyd rol ogicvariab i I ity, including mu lti-yearperiodsofd rought 
and elevated rainfall, culminating in a recent (since 1996) 
i ncreasei nAtlan ticBasi n h u rricaneactivity. Th ishyd rol ogic 
variabi I ity has affected both nutrient loading and transport 
and thus was considered in evaluations of long-term, 
ecosystem-level impacts of nutrient management strategies 
on eutrophication dynamics in this estuary. 

Materials a'd Me1tms 
Research Site. The NRE is a shallow, coastal plain estuary 
andakeytributaryoftheAlbemarle - PamlicoSoundsystem, 
the United States' second largest estuarine complex and a 
key fisheries nursery for the mid-Atlantic coastal region ( 18) 
(Figure1 ).Th issystem reflectsrapid post-WorldWarl I coastal 
watershed agricultural and urban expansion, accompanied 
by accelerated N and P production in its basin (20). Inputs 
of N and P to the NRE are dominated by non point sources 
(>70%). The NRE has experienced a 45% increase in point 
sources and a 135% increase in non point sources of N and 
P since the 1960s (20). Phytoplankton account for at least 
800/oofnewproduction oforgan icmatterintheNRE( 19, 21); 
hence,theyplayacentral rolei n itseutroph ication potential. 
Sym ptomsofaccelerati ngeutroph ication incl udewidespread 
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FIGURE 1. Location of the Neuse River Estuary, a subestuary of 
Pamlico Sound, NC. Shown are the Atlantic Ocean (AO), Pamlico 
Sound (PS), and the Pamlico and Neuse Rivers (PR and NR). The 
NeuseRiverEstuarywaterqualifysites(17filledcircles)monitored 
l1y the Universify of North Carolina's Institute of Marine Sciences 
areshown inthemiddleframe.Representativeupstreamfreshwater 
(Streets Ferry to New Bern) and midestuarine mesohaline (Broad 
Creek to the bend in the Neuse River) regions, fran which the 
long-tenn water qualify data are shown in detail in Figures 2-4, 
aredel ineatedassquares. lhealgal ( cyanobacterial)bloanshown 
in the lower frame occurred at an upstream location (see arrow) 
in the summer of 1983, prior to the implementation of phosphorus 
input reductions, which began in the late 1980s (photograph taken 
l1y H. Paerl). 

phytoplankton blooms, frequent summer and fall hypoxia 
and anoxia, accompanied by finfish and shellfish kills 
(21 - 24). 

Historical Water Quality Monitoring Activities. Since 
1970, the NRE hasbeensurveyedforwaterq ual ity parameters 
at no less than monthly intervals, increasing to a biweekly 
frequency in 1994. The data used in this historical analysis 
wereobtai ned fromseveralStateand Un iversitywaterq ual ity 
monitoring studies and programs, including (1) North 

Carolina State University (J.E. Hobbie and N. W. Smith, late 
1970-1973) (25); (2)State of North Carolina (Department of 
Environment and Natural Resources, Division of Water 
Qua I ity)Am bientWaterQual ityM on itori ngProgram (1971 -
2002; www.http//h2o.enr.state.nc.us/neuse.htm); (3) East 
Carolina University (R. Christian and D. Stanley, mid-1980 
and 1982 to early 1989); (3) the Weyerhaeuser Co., Water 
QualityMonitoringProgram(1978 -1997);and(4)theUNC -
CH Institute of Marine Sciences Neuse River Bloom Project 
and Neuse River Estuary Modeling and Monitoring Study 
(ModMon, www.marine.unc.edu/neuse/modmon, 1981-
1982 and 1985 to present). These programs examined 
standard indices of nutrient enrichment and water quality 
status, including dissolved inorganic N (nitrate/nitrite, am
monium), inorganic P (orthophosphate), total P, organic N 
and P inputs, particulate carbon and N, chlorophyll a, and 
other photopigments diagnostic of major phytoplankton 
taxonom icgroups,d issolved oxygen, turbidity, tern perature, 
salinity, and pH. Collection and analytical protocols and 
methods used in these programs remained uniform and 
similar and can be found in Paerl et al. (21, 23), Pinckney et 
al. (24), and the senior author's laboratory website (www
_mari ne.u nc.edu /Paerl lab). 

Data Compilation. The water qua! ity data that were 
collected bythese p rogramswasmerged top rod ucethe most 
com pleteh istorical dataset possi bleforeach ofthesam p Ii ng 
locations shown in Figure 1. The data from stations located 
between Streets Ferry and New Bern were combined to 
representthefreshwateru pstream region oftheestuary, while 
thedatacol lected fromstationsl ocated between Broad Creek 
andthebend in theNeuseRiverwerecomb i nedtorepresent 
themesohal i ne m idestuari neregion oftheestuary. Nutrient 
and chlorophyll a data used in this analysis includes data 
collected through 2003, with the exception of total P, which 
was collected through 2002. 

Freshwater discharge to the NRE was obtained from the 
U .S.Geol ogicalSu rveygaugi ngstation ( No.02089500) located 
at Kinston, NC, approximately 20 km upstream from Streets 
Ferry, a location downstream of the major nutrient inputs 
to the NRE, and near the head of the estuary. Nutrient 
( NandP)load i ngstothe NREwerecalcu lated bym u !ti plying 
the average daily freshwater discharge at Kinston by the 
linearly interpolated surface nutrient concentrations mea
sured at Streets Ferry. In instances when N and P concen
tration datawerescarceattheStreetsFerrysam pl i ngstati on, 
nutrient data from the other stations in the upstream region 
were used in the nutrient loading calculations. 

Du ri ngthe 1980s,effortstostem eutrop h ication were focused 
on the upstream, freshwater segment of the NRE, where 
nuisance cyanobacterial blooms proliferated and posed 
serious water quality problems (18, 19) (Figure 1). Because 
these blooms were shown to be at least partially P-limited, 
strict P controls were enacted, including a P-detergent ban 
(January 1988) and wastewater P-discharge limits (19, 20). 
These steps greatly reduced annual mean total P concentra
tions, relative to N, at the upstream delivery point to the 
estuary(Figu re2). The reduction i nPload i ngwasalsoevident 
atthem idestuari neregi on oftheestuary, where mean annual 
total P concentrations likewise decreased in the late 1980s, 
following a steady increase earlier in that decade (Figure 2). 

As a consequence of the P-reduction strategy and lack of 
N-load reductions, N concentrations increased relative to P, 
as illustrated by the increases in both the TN/TP concentra
tion and loading ratios at both the upstream and the 
midestuarine regions (Figure 3). However, the trend toward 
increased TN/TP concentration ratios after the P reductions 
was far more pronounced at the midestuarine region than 
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FIGURE2. Meanannualsurfaceconcentrationsoftotalphosphorus 
(lP)andtotalnitrogen(lN)attheupstreamandmidestuarineregions 
of the Neuse River Estuary. The upstream region represents the 
main point of freshwater inflow to the estuary. The time of the P 
detergent ban is indicated with an arrow in each figure. Error bars 
represent standard error. 

at the upstream region, suggesting that downstream N 
en rich men tacco m pan ied the upstream Pred ucti ons(Figu re 
3). 

Examinations of chlorophyll a (Chi a), an indicator of 
p hyto plankton bi o massrespo nseto n utrientsu pp ly ,showed 
relatively high concentrations at the upstream freshwater 
portionoftheestuaryduring1978 - 1987,withtheexception 
of1982and 1984, yearsthatco i ncidedwith periodsofelevated 
rive rd ischarge(Figure3).Ch I a concentrationsand nuisance 
cyanobacterial blooms decreased in the late 1980s, shortly 
afterPred ucti onswere initiated, withaveryl ow mean annual 
Chi a level in 1989, the year after the P-detergent ban was 
in place. Following P reductions and increases in TN/TP, 
cyanobacterial dominance decreased (chlorophyte and dia
tom dominance increased), evidence that cyanobacterial 
dominance tends to decrease in response to increasing N/P 
ratios in these eutrophic waters (4). Chlorophyll a concen
trationsalso i ncreasedsl ightlyafter 1989, however, they never 
increased to the levels observed in the early to mid-1980s. 
In contrast, midestuarine, mesohaline Chi a concentrations 
did not show a parallel decrease following the P reductions. 
Rather, mean annual midestuarine Chi a concentrations 
tended to increase following the P reductions, with 1989-
1992, 1994-1996, and 2000-2003 supporting extensive 
phytoplankton blooms comprised of dinoflagellates, cryp
tomonads, and to a lesser extent, diatoms (23, 24). The 
intensity and spatial extent of midestuarine phytoplankton 
blooms were higher in the 1990s than in the 1980s, when 
blooms were more prominent in the upper region of the 
estuary (Figures3 and 4) (24). This indicates that the 
midestuarine blooms increased in magnitude following the 
P reductions. 
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FIGURE 3. Mean annual surface concentration and loading ratios 
ofTNandlP,andmeanannualchlorophylla(Olla)concentrations 
attheupstreamandmid-estuarineregionsoftheNeuseRiverEstuary. 
Data are plotted from 1970 through 2003. Note that TN:lP loading 
ratios were calculated for the entire estuary and are therefore 
equivalent in both the upstream and mid-estuarine panels. The 
dashed vertical I ine denotes the time of the P detergent ban. Data 
weredividedintotwotimeperiods,beforeandafterthePdetergent 
ban. Linear trend I ines are shown for each of the two time periods 
at both estuarine regions. The missing data points in the historical 
record of Olla (1974-1977) are due to gaps in the collection of Chi 
a data. Error bars represent standard error. 

During the course of these events, the phytoplankton 
assem blagesshowedconsistent NI imitation th roughoutthe 
mid- and lower NRE (23, 26), while the upper segment 
exhibited N and P limitation during spring, with more 
exclusive N limitation during summer and fall (23, 26). In 
winter, nutrient and light limitation coexisted (26). 

Hydrologic variability strongly interacted with nutrient 
supply to determine when, where, and how phytoplankton 
blooms responded to nutrient loading scenarios in the NRE 
(23, 24). The 1970-1995 period proved to be one of fairly 
normal, seasonal patterns of wet winter-spring months, 
followed by drier summer-fall periods, with several years 
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FIGURE 4. Upper frame: distribution and intensity of chlorophyl I 
a (011 a) in the Neuse River Estuary between 1986 and 2003. Note 
the tendency for 011 a peaks to be located upstream during the mid 
1980s with a migration downstream in the late 1980s and early 
1990s. This pattern reversed following the series of hurricanes 
(indicated in the lower frame) that started to affect the Neuse River 
Estuary watershed in 1996, when peaks in 011 a migrated back 
upstream. Middle frame: mean annual loadings of total N (TN) and 
total P (lP) to the Neuse River Estuary. Lower Frame: freshwater 
dischargetotheNeuseRiverEstuarymeasuredattheU.S.Geological 
Survey gauging station (No. 02089500) located at Kinston, NC, 
approximately 20 km upstream fran Streets Feny. The hurricanes 
that have il11)clcted the watershed since 1996 (Bertha and Fran 
(1996); Bonnie (1998); Dennis, Floyd, and Irene (1999); and Isabel 
(2003))areindicatedt,;syrmols.Errorbarsrepresentstandarderror. 

(1983 and 1985) exhibiting extreme summer droughts (20). 
In contrast, the post-1995 period witnessed a sudden and 
sustained increase in tropical storm and hurricane activity 
(27), possibly signaling an increase in Atlantic hurricane 
frequency (28). Since 1996, the NRE watershed has been 
affected by seven major hurricanes, the most extreme being 
Fran in July of 1996 and Dennis, Floyd, and Irene, which 
struck the region within a 6 week period during the fall of 
1999. The latter hurricanes delivered over a meter of rainfall 
to parts of the watershed and caused catastrophic flooding 
(27). Most recently, the region was impacted by Hurricane 
Isabel in September 2003, following wet spring-summer 
months. 

Thefloodwatersoflate1996toearly 1997and 1999 - 2000 
flushed phytoplankton accumulations out of the NRE into 
PamlicoSoundand preventedtheformationofChl a maxima 
(27). Once the flooding receded and water residence time 
increased, Chi a maxima and phytoplankton blooms re-

established themselves at midestuarine locations(Figure4). 
Thesebloomswerelargelycontrol led byN in putstothe NRE 
(29, 30). 

Upstream freshwater Chi a maxima or phytoplankton 
blooms have continued to be absent in the post-hurricane 
period. While these large hydrologic perturbations have 
introduced a significant amount of variability in the data 
setsshown in Figures2-4, they apparently have not altered 
the long-term trend that seems to have followed the 
P-reduction strategy of the late 1980s, namely, peaks in 
phytoplankton production and resultant algal blooms. 

The proposed downstream movement of the estuarine 
eutrophication gradient following selective upstream P 
reduction is conceptualized in Figure 5. Shown is the pre-P 
reduction period (1970s through mid-1980s) when both N 
and P loadings to the NRE increased (upper frame) followed 
bythe post-Pred uction period ( late-1980sand onward), when 
P reductions were in place. The Chi a Max represents the 
zone of maximum phytoplankton productivity and bloom 
developmenti n theestuary. In the 1970sthrough m id-1980s 
period, this zone was concentrated toward the upstream 
segment of the estuary, while following P reductions, this 
zonetendedto m igratedownstream. The period ofi ncreased 
hurricane activity, starting in the mid 1990s, is shown, as 
well as routes of N loss (sedimentation and denitrification) 
associated with the upstream algal N-filter mechanism. 

D isp lacementoftheeutroph icati on grad ientdownstream 
in response to increases in N/P loading appears to also have 
taken place in otherestuari nesystemsexperienci ng intensive 
Pbutlessso N reductions.Thesei ncl ude( 1 )theChesapeake 
Bay, MD/VA, where exclusive P removal in some of its 
tributaries (e.g., the Potomac River) was accompanied by 
increased N driven primary production in the downstream 
mesohal i nemai nstem oftheestuary( 31 )and (2)thesouthern 
Sweden Baltic Sea archipelago region and associated fjords, 
where aggressive upstream P reductions greatly reduced 
freshwater algal production, while downstream N-limited 
mesohaline production remained unaffected or increased 
in places (32, 33). 

Nitrogen overenrichment, in addition to enhancing 
eutrophication, may induce other nutrient limitations in 
some estuarine and coastal waters. Most notable is the 
increased potential for silicon (as silicic acid, Si(OH)4) 
limitation in coastal ecosystems such as the Northern Gulf 
of Mexico (Mississippi River plume) and the North Sea (34). 
In addition, enhanced N loading may lead to enhanced 
denitrification, thereby affecting the relationships between 
new N inputs, their transformations, and coastal N budgets. 

Collectively, these results suggest that if we are to stem 
eutrophication along the freshwater - marine gradients typi
fying many of the world's estuaries, parallel N and P 
reductions may be needed. In many instances, N input 
reductions should probably take place starting in the 
u pstreamfreshwaterregi on asmandated bythe Neuse River 
Basin TMDL, despite the fact that N may not be the limiting 
factor there. At the same ti me, P input restrictionsshould be 
maintained in this region, as there is ample evidence that 
upper estuarine algal blooms are frequently controlled by P 
availability ( 13, 19, 23). Overall, a larger-scale consideration 
of estuarine nutrient management is required where the 
freshwaterand mari neco m ponentsarei nti matelycon nected 
from nutrient processing, cycling, and control perspectives. 
This argues for integrative approaches to watershed and 
estuarine nutrient management, where the effects and 
ramifications of nutrient inputs are considered along the 
entire freshwater- marine continuum. An example of suc
cessful system-wide dual nutrient management is the Patux
ent Estuary (subestuary of Chesapeake Bay), where parallel 
N and P reductions have effectively reduced eutrophication 
throughout the entire length of the estuary (35). 
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FIGURE 5. Conceptualization of pre- and post-P reduction impacts on the eutrophication dynamics of the Neuse River Estuary. Shown 
arethepre-Preductionperiod(upperframe)andthepost-Preductionperiod(lowerframe).lhezoneofmaximumphytoplanktonproduction 
and bloan formation (as chlorophyll a) is indicated as Chi a Max. Also shown are the major routes of N loss associated with the Chi 
a Max nutrient filter. Included are the times at which major hurricanes impacted the Neuse River Estuary Basin, signaling a period of 
elevated Atlantic hurricane activify that started in the mid-19905. 

Long-term (i.e., decadal) nutrient managementstrateg ies 
will also need to take climatic and hence hydrologic oscil
lations and resultant shifts in in-stream N and P processing 
into consideration. For example, estuaries may have greater 
toleranceforh igh n utrientloadswhen i ncreasedfrequencies 
of tropical storms and hurricanes prevail. The elevated 
freshwater discharge resulting from these events will reduce 
residenceti mean d minim izethe potential forphytoplankton 
bloom formation, as well as in-stream N depuration pro
cesses,i ncl ud i ngden itrification and burial. Conversely, years 
having strong seasonality (i.e., wet winter - spring followed 
by dry summer-fall months) will lead to short but intense 
nutrient input pulses followed by periods of long residence 
ti me, ideal con d itionsforb loom formation and othernegative 
manifestations of eutrophication. Thus, nutrient manage
ment should be highly adaptive, taking short- and longer
term patternsan d trends,aswel I asarangeofrelevan tscales 
into consideration. 

Human perturbations of the major nutrient cycles have 
had profound impacts on aquatic production and bio
geochemical cycling worldwide. These impacts have been 
ap paren tin freshwaterecosystemsforseveral centu ries,an d 
the past 50 years have witnessed a concerted effort aimed 
at mitigating the undesirable effects of nutrient over
en rich men tbyPi n p utco ntrols. Theseefforts, however, have 
had unintentional yet profound effects on eutrophication 
dynam icsofthefu rtherdownstream N-1 i m itedestuari neand 
coastal waters, which have seen increasingly large N loads 
brought on by growing anthropogenic N inputs and a lack 
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of control on freshwater N loading. Exclusive PI imitation in 
upstream tributaries has reduced their N-filtering capacity, 
thereby exacerbating the eutrophication potential and 
potentially altering nutrient stoichiometry of many down
stream estuarine and coastal waters, our greatest fisheries 
resources and major sites of global carbon, nutrient (N, P, 
Si, and Fe), and oxygen cycling. 
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